Abstract-A novel wide band microstrip line-fed antenna with defected ground structure is proposed for circularly polarized characteristics. This antenna is suitable for C-band and partially X-band operation. Antenna1 structure consists of microstrip-line-feed, and the square-shaped slot defect is incorporated in the ground plane. Furthermore, rectangular and circular patches are embedded in the square-shaped slot that improves the performance of the radiating Antenna2 and Antenna3 structures, respectively. The proposed Antenna3 is compact in size and shows a good quality of polarization at resonant frequency band. Antenna3 shows the measured impedance bandwidth of 40.72% (6.45-9.75 GHz) and also shows the variations of 3-dB axial ratio bandwidth at the 6.806 GHz and 9.13 GHz frequencies with the simulated results, respectively. The return loss, axial ratio, gain, efficiency and radiation pattern of the proposed Antenna3 remain consistent for resonant frequency band. The antenna is practically fabricated and simulated. Measured result shows a good agreement with simulated and theoretical ones.
INTRODUCTION
Nowadays the rapid development of modern communication systems are required for portable devices due to some important features including easy design, light in weight, reduction in size, compatibility with microwave, millimeter-wave integrated circuits, low production cost [1] and easy fabrication of microstrip antennas. DGS antennas are particularly attractive because of their miniaturized size, wide impedance bandwidth, good gain and better efficiency. Furthermore, broadband microstrip antennas are developed for the high-speed data communication systems which are achieved at higher frequency bands. However, these conventional microstrip antennas exhibit a few major limitations such as narrow impedance bandwidth and low gain, which restrict their operation while enhancement of the bandwidth and gain of the microstrip patch antenna has become a demanding current research area. Recently, a growing demand of the microstrip patch antennas with modified ground structure has been rapidly developed for broadband and dual-frequency band in the wide range of modern communication systems.
Hence, several researchers have reported numerous techniques to improve the performance of the patch antenna with modified ground plane such as I-shaped slotted patch antenna for WLAN/WiMAX applications [2] , asymmetric slit antenna for circular polarization operation [3, 4] , concentric circular-ring shaped [5] , dual inverted L-shaped strips microstrip-fed monopole antenna which consists of rectangular patch [6] , triple band antenna using Y-shaped strip in circular ring with defected ground antenna [7] , slotted microstrip antenna [8] , monopole antenna with two strips for triple band operation and Ishaped microstrip line used to excite wide-slot antenna [9, 10] . The dumbbell-shaped DGS antenna incorporated with CSRR for dual-bandgap characteristics and microstrip-line-fed antenna with defected ground structure are used for Ku-band application which gives a better impedance bandwidth and gain [11, 12] . A 32 × 32 mm 2 size Z-shaped metal strip removed from the ground plane to enhance the bandwidth upto 12.2% [13] , compact broadband microstrip antenna with defected ground structure was proposed in [14] . A dual ultrawide band slotted antenna with gain 5.54 dBi and an inverted S-shaped compact antenna [15, 16] were reported for the C-and X-band applications and compared with the proposed antenna in Table 4 . Hence, in several reported research techniques a lot of modified types of microstrip antennas have been suggested so far. However, the microstrip patch antenna which is especially realized on the single substrate layer has a significant drawback of very narrow bandwidth, 1-5%. To overcome this disadvantage, there have been a number of methods as broadband techniques such as using multilayer, stacked antennas structure for coaxial probe, slot and aperture coupled feeding [17] . However, these antennas are still not large enough, and their structures are too complex, with narrow bandwidth and low gain. The concept of the proposed antenna structure has been extracted from [12] which gives a good impedance bandwidth and gain discussed above.
In this article, a novel microstrip-line-fed printed antenna with defected ground structure has been proposed for C-band and partially X-band operation. A square slot and a circular patch are integrated in the ground plane. It provides a significant size reduction and large impedance bandwidth with circular polarization characteristics. The analysis of the proposed Antenna3 is carried out using circuit theory concept based on modal expansion cavity model. A parametric study has been carried out by varying the length, width of the microstrip-fed-line and radius of the circular patch. Various parameters such as return loss, axial ratio, gain, efficiency and radiation pattern of the proposed antenna have been investigated. The details are discussed in the following section. Figure 1 illustrates the configuration of the proposed microstrip-line-fed antenna with defected ground structure. The proposed antenna is fabricated on an inexpensive FR4 dielectric substrate with relative permittivity ε r = 4.4, thickness h = 1.6 mm and dielectric loss tangent tan δ = 0.02. The main radiating elements of the antenna are printed on the bottom of the substrate which consists of a circle incorporated in the centre of square slot. The square slot dimension is 14.5 × 14.5 mm 2 and radius of the circle 7.0 mm. The antenna is fed by a 50 Ω microstrip-line-fed with a width 3.05 mm and length 22.55 mm. The square ground plane is located on the backside of the dielectric substrate with the overall dimensions of 32 × 32 mm 2 [see Figure 1 (b)]. A square patch is replaced by circular patch defect in the ground plane under the square shaped slot and makes Antenna3 structure which achieves a better impedance matching. The gap between the square shaped slot and a circular patch affects the antenna performance. Detailed design specifications of the proposed Antenna3 are optimized and shown in Table 1 . 
ANTENNA DESIGN
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EVOLUTION PROCESS OF THE PROPOSED ANTENNA
This section presents the description of evolution process for the proposed antenna with defected ground structure. Different steps in the evolution process of the proposed antenna and its corresponding simulated return losses are shown in Figures 2 and 3 . It begins with the design of Antenna1, which consists of a square-shaped slot with the dimension of 14.5×14.5 mm 2 as shown in Figure 2 (a). Antenna1 obtains the impedance bandwidth 20.06 % (6.5-7.95 GHz) at the dual resonance frequencies 6.711 GHz and 7.65 GHz as shown in Figure 3 . Antenna2 is created by incorporating the rectangular patch with the dimension of 14.0× 14.0 mm 2 under the square-shaped slot on the ground plane as shown in Figure 2 (b), and its corresponding bandwidth is 33.12% (6.55 GHz-9.15 GHz) at the 6.795 GHz and 8.771 GHz dual resonance frequencies (see Figure 3) . It is worth mentioning that the defected ground structure also affects the antenna characteristics. In this proposed design, a circular patch is etched in the squareshaped slot in place of rectangular patch under the ground plane to achieve good impedance performance during the operating frequency band and keep the wide band at the same time. Antenna1, Antenna2 and proposed Antenna3 have good impedance matching at the lower resonance frequencies, but at the higher resonance, the frequencies are shifted towards the upper side as shown in Figure 3 . Finally, the proposed antenna has impedance bandwidth of 37.79% (6.48 GHz-9.5 GHz) at the 6.806 GHz and 9.13 GHz dual resonance frequencies. The comparative curve for return loss versus frequency of the Antenna1, Antenna2 and Antenna3 is shown in Figure 3 . From the figure, the impedance bandwidths of Antenna1 (20.06%), Antenna2 (33.12%) and Antenna3 (37.79%) are noticed. From these results, it is observed that Antenna3 achieves a better impedance bandwidth compared to Antenna1 and Antenna2. Thus, the proposed wideband Antenna3 can be used for C-band and partially X-band applications.
THEORETICAL ANALYSIS OF PROPOSED ANTENNA
The theoretical analysis of the proposed Antenna3 is done by equivalent circuit theory approach. The length (L f ) of the microstrip line is subdivided into three sections l 1 , l 2 and l 3 . There is no ground plane under length l 2 . Length l 3 of the microstrip line works as a stub matching for the defected ground plane. Length L f of the microstrip line can be calculated as [17] 
where
In which c = speed of light in free space and ε e = effective dielectric constant [18] . Length L f and width W f of the microstrip line can be determined as 22.55 mm and 3.05 mm, respectively, for accurate matching.
A microstrip-line-feed works as a tuning stub which is used to excite the square-shaped slot and circular patch under the ground plane. The variation in the length and width of the stub affects the antenna characteristics. The discontinuity is added to the microstrip line and modelled by a fringing capacitance C f . The distance 'r' is chosen as input impedance of the circular patch in the square slot is 50 Ω at the end-edge point of microstrip line for proper matching [19] .
where k is the propagation constant, r 1 the feed position referred to the center to the circular disk radius r, G T the total conductance [18] , and J 1 the Bessel function of order one [19] . The equivalent circuit is the combination of four parts: modelling of lengths l 1 , l 2 and l 3 of microstrip line, square shaped slot, coupling capacitance C f due to discontinuity of microstrip line and coupling capacitance C p between the square slot and microstrip line. and mutual capacitance C m between the square shaped slot and circular patch are under the ground plane. The total impedance of square slot and circular patch is modelled by an ideal transformer with the microstrip line, as shown in Figure 4 . A microstrip line is represented by combination of circuit parameters such as series resistance (R), inductance (L), shunt conductance (G) and capacitance (C) and calculated for microstrip line. 
Capacitance of the microstrip line can be calculated as [18] 
Inductance of the microstrip line can be defined as [20] 
where α d = dielectric loss, α c = conductor loss, and Z 0 = characteristics impedance of the microstrip line (50 ohm).
Analysis of Square Slot and Circular Patch
Theoretically, the effect of the etched square shaped slot on ground plane can be approximately obtained by the impedance of a short dipole via well-known Babinet's principle [21, 22] given as
The radius (r) of the circular patch can be determined as [23] 
where η 0 = 120π, L s = length of the square slot, W s = width or diameter of the square slot and
in which f = design frequency. The design frequency is considered as 6.5 GHz of the wideband proposed microstrip antenna for C-band and partially X-band applications. 
Total Impedance
The total input impedance of the wide-band antenna with defected ground plane can be derived as
The equivalent circuit model of the proposed Antenna3 is given in Figure 5 (a) which is modified to Figure 5 (b). The Z 1 , Z 2 and Z 3 impedances of the microstrip line are offered by the microstrip lengths l 1 , l 2 and l 3 , respectively, which are connected in series. It can be derived as
The impedances of Z c and Z f are calculated as
and
The impedances Z c and Z f are offered by coupling capacitance (C c ) and fringing capacitance (C f ) between the two resonators defined in [24] [25] [26] [27] , respectively which are connected in parallel form with impedance of microstrip line as shown in Figure 5 . The input impedances of Z p and Z m are given as
where Z p = impedance of the circular patch, Z m = mutual impedance, L m = mutual inductance, and C m = mutual capacitance between two resonators (square slot and circular patch) circuits as shown in Figure 5 [27]. Now using Eq. (9), one can calculate various antenna parameters such as reflection coefficient, VSWR and return loss of the proposed antenna as
and RL = 20 log |Γ| (17)
PARAMETRIC STUDY
A parametric study is first performed by changing the length (L f ), width (W f ) of the microstrip-fed-line and radius (r) of the circular patch under the square-shaped slot on the ground plane of the proposed Antenna3. These results are shown in Figures 6 to 11 . Note that here in all these simulations the finite ground plane size is assumed to be 32 × 32 mm 2 and square-shaped slot size 14.5 × 14.5 mm 2 .
With decreasing L f of the microstrip line, the higher resonance frequencies are shifted toward lower side whereas lower resonance frequencies remain almost constant. It is observed that with increasing the length (L f ) of the microstrip line, Antenna3 obtains dualband characteristics whereas lower and higher resonance frequencies are almost constant as shown in Figure 6 . Figure 7 shows the effect of varying width (W f ) of microstrip-line-fed on the return loss characteristics. From the figure, changing W f of the Antenna3 achieved the dualband effect whereas the lower and upper resonance frequencies are almost constant. At the minimum value of W f , Antenna3 improves the impedance bandwidth at the lower resonance compared to the upper resonance frequencies. Further at the 3.05 mm optimum value of W f , the return loss deteriorates at some resonance frequencies as well as improves impedance bandwidth. So an optimum value of 3.05 mm has been considered in fabricated prototype.
The separation between the circular patch and the ground plane plays a crucial role in obtaining wider impedance bandwidth. Figure 8 shows the variation in return loss by varying the separation between the circular patch and finite ground plane. It can be seen from the figure that a minimum and maximum separation gives the dual and triple band operations at the higher frequencies, and the lower and upper resonance frequencies are almost constant. Hence, the separation needs to be optimized, and the optimum value is found to be 7.0 mm. At this optimum value, maximum coupling of electromagnetic energy between circular patch and square-shaped slot is achieved over a wide impedance bandwidth. Table 2 shows the effect on return loss and its impedance bandwidth of Antenna3.
The effect of varying the length (L f ) of microstrip-line-fed on axial ratio of the proposed Antenna3 is shown in Figure 9 . From the figure, the three CP bands are obtained with decreasing the L f = 22.05 mm whereas two CP bands are achieved with increasing L f from 3.05 mm to 4.05 mm. Figure 10 shows the effect of varying the width (W f ) of microstrip-line-fed on the axial ratio of the proposed Antenna3. From the figure, increasing and decreasing the W f of the Antenna3 achieve the two CP bands at the lower and upper resonance frequencies respectively, and its corresponding 3 dB axial ratio bandwidths are decreased whereas upper resonance frequencies are almost constant. It is realized that the optimum is obtained at W f = 3.05 mm with two CP bands. Figure 11 shows the effect of varying the radius (r) of circular patch on the axial ratio of the proposed Antenna3. From the figure, with increasing and decreasing the 'r', Antenna3 achieves the three CP bands at the lower, middle and upper resonance frequencies respectively, and its corresponding 3 dB axial ratio bandwidths are decreased whereas all resonance frequencies are almost constant. Finally, it can be seen from the figure that Antenna3 achieves a better axial ratio bandwidth at optimum values of L f = 22.55 mm, W f = 3.05 mm and r = 7.0 mm with two and three CP bands. The effect on the axial ratio bandwidth (ARBW) of the different CP bands for the proposed Antenna3 is shown in Table 3 . 
DISCUSSION OF RESULTS
The proposed Antenna3 is designed and simulated by the IE3D software based on method of moment (MoM) [28] and fabricated with optimized dimensions as given in Table 1 . In Figure 12 , there are slightly variations in theoretical, simulated and measured return loss curves due to fabrication constrains, uncertainties in the dielectric constant, substrate thickness, soldering effects and the quality of the SMA connector. Figure 13 shows the fabricated prototype of the proposed microstrip-line-fed Antenna3 with defected ground structure. The measurement results are performed by vector analyzer Agilent N5230A. The theoretical and simulated results are shown along with measured ones for designed Antenna3 in Figure 12 . From this figure, it is found that the dual resonance frequencies occur at 6.942 GHz and 8.801 GHz. These closely spaced dual resonating frequencies are combined to provide wider impedance bandwidth. The frequency band of operation is obtained from 6.652 GHz to 9.35 GHz for return loss value less than −10 dB which covers the C-and partially X-band operation. Antenna3 shows impedance bandwidths of 40.72% (measured), 37.79% (simulated) and 36.77% (theoretical). The simulated and measured results are in good agreement with theoretical analysis.
In addition, various antennas with defected ground plane are previously reported [13] [14] [15] [16] to involve in complex calculation and sophisticated design structure as compared to the proposed antenna. A detailed comparison in terms of parameters, such as antenna size, total area occupied by the antenna, bandwidth, gain and its frequency of operation, has been summarized in Table 4 . This innovates us to work on wide-band microstrip line-fed antenna with defected ground structure which can overcome the above limitations.
The comparative plots of gain versus frequency for Antenna1, Antenna2 and proposed Antenna3 are shown in Figure 14 . From the figure, it is clearly observed that the gain varies from 2.4 dBi to 4.1 dBi over an operating frequency range of 6.5 GHz to 7.95 GHz for Antenna1, and the gain varies from 4.2 dBi to 5.74 dBi over an operating frequency range of 6.55 GHz to 9.15 GHz for Antenna2, whereas, gain of Antenna3 varies from 3.94 dBi to 6.63 dBi over an operating frequency range of 6.48 GHz to 9.5 GHz. The maximum peak gains are obtained, 5.384 dBi, 6.716 dBi and 8.281 dBi at the higher resonance frequency. The comparative plot of the antenna efficiency with frequency for Antenna1, Antenna2 and Antenna3 is shown in Figure 15 . For Antenna1 it is found that the efficiencies are 71.7% at 6.711 GHz and 75.98% at 7.651 GHz. From the figure it can be seen that the efficiencies are obtained as 82.76% (at 6.795 GHz) and 90.05% (at 8.771 GHz) for Antenna2, whereas, Antenna3 achieves the maximum antenna efficiencies which are 90.43% and 94.77% at the lower (6.806 GHz) and upper (9.13 GHz) resonance frequencies, respectively. It is noticed that maximum efficiency is obtained at the upper resonance frequency. Antenna3 gives a better performance than Antenna1 and Antenna2. The comparative performance of Antenna1, Antenna2 and Antenna3 is shown in Table 5 .
The E-and H-plane radiation patterns of the proposed Antenna3 at the lower and upper resonance frequencies are shown in Figure 16 . Figures 16(a)-(d) show radiation patterns of Antenna3 for E θ , ϕ = 0 • at 6.942 GHz and E ϕ , ϕ = 90 • at 6.942 GHz, E θ , ϕ = 0 • at 8.801 GHz and E ϕ , ϕ = 90 • at 8.801 GHz, respectively. It is found that measured results of the radiation pattern are in good agreement with simulated ones. It is observed that H-plane radiations of the proposed Antenna3 are nearly the same, in spite of difference in radiated power. Similarly, the results are analyzed for E-plane radiation pattern and achieve a better beamwidth of Antenna3. The proposed Antenna3 achieves a bidirectional radiation pattern due to effect of finite ground structure.
CONCLUSION
In this article, a new microstrip-line-fed antenna with defected ground structure is designed and fabricated. Antenna3 analyzed by equivalent circuit model for microstrip line with DGS is presented. The measured impedance bandwidth 40.72% at frequency band (6.45 GHz-9.75 GHz) is obtained. The 3 dB axial ratio bandwidths (ARBW) 2.79% and 5.459% for dual resonance frequencies are presented. A compact size of 32 × 32 mm 2 is obtained. Bidirectional patterns with maximum efficiency and peak gains are obtained at higher resonance frequency. For applications, the frequency responses of the proposed Antenna3 are covered in the frequency bands of C and X operations. The effect of the defected parameters of DGS on performance is also examined. The measurement shows good consistency with the simulated and theoretical analysis.
